The role of tidal processes on intertidal surface sediments is frequently stated but rarely investigated due to the methodological restrictions. This study provides a basis for describing the tidal effects on the mangrove sediment. It reports investigations into the chemical composition of mangrove surface sediment in Mengkabong lagoon, Sabah, Malaysia. The levels of 16 parameters were determined in 33 surface sediment samples at high and low tides. The studied parameters showed high values at high tide compared to low tide. The tidal process showed there is a high contribution of seawater that brings additional ions such as Na, Mg and K into the mangrove system at high tide whereas at low tide, lower contribution of seawater was observed.
Introduction
Mangrove sediments have been extensively studied around the world (India, Australia, Brazil, Malaysia, Arab, China, Thailand, etc.) . Heavy metal cycling is a serious problem addressed in mangrove environments elsewhere (Marchand et al., 2006; . High concentrations of heavy metals are derived from anthropogenic inputs such as industrial activities around estuaries as well as discarded automobiles, batteries, tires, waste water disposal, etc. Bloom and Ayling, 1977) .
Tidal current activity is mainly confined to mangrove channels. Outside the channels, mainly on the upper tidal-flats, tidal current velocities decrease and sediment entrainment is frequently ascribed to wave action. The role of tidal processes on intertidal surface sediments is frequently stated but the differences at these stages have seldom been investigated, apparently because of methodological constraints (Malvarez et al., 2001) . The methodological constraints were such as determination of tidally influenced areas, correction of hydraulic gradient error based on tidal fluctuation, data requirements to determine tidal range at one location at coastal sites, definition of problems and development of conceptual model (Zektser and Dzhamalov, 2006) . Moreover, one of the most difficult tasks in coastal wetlands studies is to use proper spatial scales from regional to habitat levels when selecting site criteria that will promote some specific goal or endpoint ( Twilley et al., 1999) .
In attempting to determine the extent of pollution in mangrove sediment and better estimate anthropogenic inputs using the heavy metals load in sediment, the Geoaccumulation Index (I geo ) was employed. I geo was introduced by Muller (1979) to assess metal pollution in sediments. I geo includes seven grades describing degrees of enrichment above the background value ranging from unpolluted to very polluted sediment quality. The highest grade (class six) reflects 100-fold enrichment above the background values .
The Mengkabong lagoon in Tuaran District, where the current research was carried out, has experienced a 15% decrease in mangrove cover from 1991 to 2000. In 1991 the mangroves covered 12.6 km 2 while in 2000 they covered 10.7 km 2 . Most of the mangroves have been lost due to the spread of development such as housing, storm water road run-off, agricultural activities, aquaculture projects and the surrounding industrial zone, Kota Kinabalu Industrial Park (KKIP) (Environmental Indicator Report, 2003) . One of the problems with further development in the area is very little inflow of water from inland areas. This means very limited flushing of sediment and effluent in the lagoon. The sediment is effectively filling up the bay and it is becoming shallower. The whole lagoon is a sensitive ecosystem and further development should be severely limited when detailing plans for that part of KKIP within Tuaran District (Town and Regional Planning Department, 2003) . Due to the proximity at KKIP and the increasing development in the area surrounding the mangrove forest, it was decided to assess the distribution of heavy metals at high and low tides, enrichment and current pollution status of the mangrove sediments.
The objectives of the present study are: (1) to determine the physicochemical characteristics (pH, salinity and electrical conductivity), granulometric fractions (clay, silt and clay), heavy metals (Fe, Cu, Zn, Pb and Al) and base cations (Na, K, Mg and Ca) of Mengkabong Bay surface sediment at high and low tides; (2) to determine the statistical characteristics of Mengkabong lagoon surface sediment using the Spearman correlation coefficient; and (3) to assess the extent of metal pollution using Geoaccumulation Index (I geo ).
Materials and Methods

Sediment Sampling and Analysis
The study was conducted in Mengkabong mangrove forest on the west coast of Sabah which is 40 km from Kota Kinabalu. The study area spreads from latitude 06 (Figure 1 ) at low and high tide. The exact position of each sampling site was recorded using Global Positioning System (GPS). Mangrove surface sediments were chosen for this study as this layer controls the exchange of metals between sediments and water (El Nemr et al., 2006) . The sediments were kept cool in an icebox during transportation to the laboratory. The physicochemical parameters (pH, electrical conductivity and salinity) were measured on 1:2 soil to water ratio extracts as soon as the samples reached the laboratory. The pH, electrical conductivity and salinity electrodes were calibrated before the measurements were taken. For other analyses, the surface sediments were air-dried, homogenized using pestle and mortar, passed through a 2-mm mesh screen and stored in polyethylene bags. Methods and references for various analyses are given in Table 1 . For the determination of heavy metals, the samples were digested using aqua regia. Approximately 2g of each sample was digested with 15 mL of aqua-regia (1: 3 HCl: HNO 3 ) in a Teflon bomb for 2h at 120 o C. After cooling, the digested samples were filtered and kept in plastic bottles before the analysis. Radojevic and Bashkin (1999) stated that aqua regia is adequate for extraction of total metals in soil sample and is widely used in most soil analyses laboratories.
Base cations (Na, K, Ca and Mg) were determined by the measurement of exchangeable cations using ammonium acetate. Heavy metals and base cations were analyzed using AAS with air/acetylene (Cu, Fe, Pb, Zn, Na, K, Ca and Mg) and nitrous oxide-acetylene (Al) at specific wavelengths (Atomic Absorption Spectrometer Perkin Elmer 4100). Table 1 
Results and Discussion
Descriptive Statistics
The descriptive statistics of physico-chemical properties (pH, salinity, electrical conductivity) granulometric fraction, organic matter, heavy metals (Al, Cu, Fe, Pb and Zn) and base cations (Ca, Mg, Na and K) at low and high tide are given in Table 2 . Table 2 Berner (1981) recorded hundreds of pH measurements of estuarine sediment in Galician Rias Baixas, NorthWest Spain, within the range from pH 6 to pH 8. Similarly, 90% of pH values in the present study fall between pH 6 and pH 8 at low and high tide thus reflecting the strongly buffered nature of pH values in sediment. According to Mitsch and Gosselink (2000) mangrove sediment salinity elsewhere varies with season and type of mangrove. Moreover, salinity is a function of the height and duration of tides. High salinity is found where tidal exchange occurs. With regard to organic matter present in mangrove sediment, a study done by Koop-Jakobsen and Giblin (2002) explained that during low tide, air exposure of the sediment increases the rate of degradation of organic matter. The granulometric fractions of mangrove sediment at high and low tide are quite similar in composition. It is dominated by the high percentage of sand followed by silt and clay. Eisma (1998) explained that in an intertidal estuary, the dominant sediment type is sand. The sediment with high composition of sand and low clay fraction is formed in agitated waters in the subtidal and intertidal zone. Tides are the predominant transport agent that influences the granulometric fractions in the mangrove environment. Coastlines with strong wave activity and tides are characterized by the concentration of sand, silt and clay (Eisma, 1998) .
The elevated concentration of metals during high tide compared to low tide ( Figure 2 ) is due to redox conditions in sediment columns (Akpan et al., 2002) . According to Marchand et al. (2004) estuarine sediments are usually in reduced condition and have pore water with high concentration of metals. Alloway (1995) explained that metals in interstitial water are the mobile fraction. de Lacerda (2004) showed that the mobile fraction of metals tends to migrate in the sediment through interstitial water until it comes in contact with oxygen. Thus precipitation of hydrous metal oxides will occur. The precipitates of these metals are no longer soluble and are therefore incorporated into the sediment. Wolanski (2006) detailed that when the sediment submerged at high tide, Fe oxides are converted into hydrated forms and provide a large surface area for reactions of metals ion, leading the bioavailability of heavy metals.
The tides control the water-flows that carry the sediments in the mangrove forests, wherein the water from the estuary spills over to inundate the forests at high tide and drains back to the estuary at low tide. During low tide, H 2 S and nutrients are released into the overlying water (Walpersdorf, 2008) . Sulfide formed as the product of bacterial sulphate reduction usually undergoes rapid transformation in coastal sediments. Hydrogen sulfide may readily precipitate with Fe 2+ to form iron sulfides. The exact oxidation/reduction transformations involving various reduced sulfur pools in sediments are not yet fully understood. Most sedimentary sulphide is usually recovered as acid volatile sulfur (AVS = H 2 S + FeS) and chromium reducible sulfur (CRS .= S o + FeS 2 ) pools (Kristensen et al., 1991) . Bryd et al. (1990) in Guem Estuary, Korea, found that dissolved lead, cadmium, zinc, manganese and copper concentrations are highest at low salinities in the water column. This has been attributed to the flocculation and dissolution of aluminosilicate phases and colloidal iron oxyhydroxides. The increase in the concentrations of these metals at high salinity indicates the possibility that pore waters enriched in remobilized metals are mixed into the water column and sediment. The anaerobic condition allows the sulphate reduction to occur and leads to sulphide precipitation. Important chemical controls on the change of trace metals in the water column are the oxidation and reduction of sulfur and iron in surface sediments. This was shown by Marchand et al. (2006) in French Guiana mangrove forest. Marchand et al. (2006) stated that in estuarine sediments, copper and manganese have been identified as pyrite co-precipitates because of pyrite dissolution. In contrast, cadmium, chromium, lead, and zinc are believed to be attached by other sulfides or oxides because only significant amount of these metals dissolved. This is because these trace metals are involved in sorption or co-precipitation with amorphous FeS (Calloy et al., 2002) . Trace metals may be incorporated into sulfide minerals by adsorption, precipitation or ion exchange. The limited studies of metal adsorption on sulfide minerals suggest that the adsorption is dominated by the surface hydroxyl groups. The surface interactions of metals with sulfide minerals are likely to influence the fate and transport of metals in anoxic environments (Morel and Hering, 1993) .
The sediment water interface is the zone where the water layer interacts with the sediment. The pore or interstitial water is the water that occupies the free space in the sediment. Its composition reflects the sediment chemistry (Rand, 1995) . Bouillon et al. (2007) showed that exchange of pore-water, combined with the physical conditions related to the tidal cycle, were important in explaining the sediment chemistry at high and low tide. Sediment pore-water represents the mediator fluid in the exchange of the components between sediment and water. A steep gradient in ionic strength in sediment pore water destabilizes the colloidal materials causing it to stick together (flocculate) (Andrews, 2004) . Tidal flooding can bring additional ions of Na, Mg, Ca and K into the system and enable ion exchange and alteration of the sediment (Preda and Cox, 2000) . The oxic condition during high tide (de Lacerda et al., 2004) makes the mobile fraction of metals tend to migrate to the sediment. According to Hussein and Rabenhorst (2001) , dominant cation exchange in soils and sediment involves ions of unequal charge (polymeric Al, Al
3+
, Na + ). In coastal environments, impacted by tidal inundation, the selectivity coefficient is no longer constant and becomes a function of ionic strength of the soil solution and surface cations composition. Increasing soil salinity will increase selectivity of the colloidal complex for Al. Clay and silt minerals, the most abundant inorganic colloids in estuarine waters, have surface negative charge that is partly balanced by adsorbed cations. The cations from seawater and heavy metals are attracted to the negative charge on silt and clay surfaces. The cations form a mobile layer in a solution closest to clay minerals. The adjacent particles will approach each other and aggregate. This simple explanation is vastly complicated by the presence of hydroxides and oxyhydroxide coating on the particles. Table 3 shows the comparison with previous studies done elsewhere. A study conducted by Zhou et al. (2004) in the Pearl River Estuary found that the concentration of Cu, Zn and Pb were high. This indicates that heavy metal pollution is serious due probably to the higher degree of industrialization during the last two decades in the Pearl River delta region. Ramanathan et al. (1999) observed high concentration of Fe in mangrove sediments. This might be the result of the textural and mineralogical characteristics of the mangrove sediments. Similar observations were made by Ray et al. (2006) , Marchand et al. (2006) and Singh et al. (2003) . In Punta Mala Bay (Panama), Izmit Bay (Turkey) and Mai Po (Hong Kong), mangrove areas received high inputs of heavy metals from untreated domestic sewage, storm water road run-off as well as inputs from shipping and agricultural activities. . Unlike, studies done by in the Arabian Gulf, Emmerson et al. (1997) in Blackwater estuary (UK), Spencer and Macleod (2002) in Medway Estuary (UK) and Rate et al. (2000) in Swan River Estuary (Australia), showed that the heavy metal in mangrove sediments tend to be low in contamination indicating that the mangrove sediment were in unpolluted condition. Table 3 Tables 4 and 5 show the values of Spearman correlation coefficient for the studied mangrove surface sediment. According to Binkley and Fisher (2000) , the cations that balance the charge of the anions interact strongly with the solid phase of the soil, principally with the cation exchange complex. Sodium is an important parameter in some soils, particularly the near coastline, where inputs of marine salts are important. An exchange complex of a soil dominated by H + or Al 3+ maintains a low soil pH, and progressive replacement of the H + by so-called base cations leads to high pH. According to Hsue and Chen (2000) , seawater plays an important role in buffering the pH change. The process of tidal clash occurs in the Mengkabong mangrove forest where the influx of seawater from the high tide results in major inputs of selected cations which are then adsorbed by the sediment (clay, silt and sand). A significant correlation (0.798; p<0.01) was observed between salinity and electrical conductivity at high tide, demonstrating the contribution of seawater during high tide compared to low tide in Mengkabong lagoon sediment. According to Church (1989) , seawater contains 3.5% of salinity of which 90% is fully ionized ions. Table 4   Table 5 Tidal range and flooding frequency therefore determine direction and quantity of nutrient and organic matter exchange between mangroves and the ocean (Dittmar and Lara, 2001 ). Sparks (1995) explained that soil organic matter complexes occur with clay minerals and stabilize the soil organic matter. Organic matter acts as a metal carrier and plays an important role in the metal distribution patterns (Lin and Chen 1998; de Groot et al. 1982 ). and stated that most contaminants are transported as fine-grained suspended matter which has large surface area. Grain size plays a significant role in determining elemental concentrations in sediment . Several authors have studied the relationship between heavy metals and the granulometric fractions. Some studies have found good correlations between heavy metals and granulometric fractions while in some other cases, the relationship was less clear . Heavy metal ions accumulate in estuarine sediments because of the deposition of metal-enriched allochthonous particles (parents materials; found in a place other than where they and their constituents were formed) or the adsorption of dissolved heavy-metal ions from the water column (Rodrigo, 1989) .
Spearman Correlation Coefficient Results
It is possible that the differential adsorptive potential is capable of explaining the heavy metals variability. In some cases, the different size fractions of the sediment may differ in their adsorptive potentials because of differences in mineralogy. For instance, quartz is an exceedingly poor scavenger of metal ions. However, some clay minerals have a great affinity for cations because of the presence of iron and manganese oxides. According to Sparks (1995) , adsorption potential increased exponentially with a decrease in particle size. The low adsorption potential in finer sediment (as in this study) is a result of the tendency of these particles to flocculate in saline waters. According to Rodrigo (1985) finer sediments will form large particle-aggregates with a correspondingly low total surface-area-to-volume ratio. According to Velde (1995) , salt flocculation occurs at salinities of 0.05 to 0.1%. Salt flocculation plays an important role in fine grained materials. The origin of organic matter and binding strength of the organic matter control flocculation and formation of flocs. Milligan and Loring (1997) also mentioned that organic matter is crucial in formation of flocculated suspensions.
A study done by Rodrigo (1985) showed low heavy metals adsorption in the Saltwater Creek estuary sediment compared to the Avon-Heathcote estuary (New Zealand). This decrease was due to the flocculation and adsorption potential. However, it does not affect the overall relationship between heavy metals and granulometric fractions as only a small quantity of very fine sediment is present in the Saltwater Creek, New Zealand (only about 2% of surface sediment consists of very fine silt and clay). The small quantity of silt and clay (4-7%) in the Mengkabong mangrove forest sediment related to low adsorption potential and flocculation in saline waters is consistent with the study done by Rodrigo (1985) . This is supported by correlation coefficient (r) values at high tide and low tide.
Inter-element relationship between metals provides interesting information on metal sources (Manta et al., 2003) . In the present study, heavy metals and base cations generally show both positive and negative values among different pairs of variables. According to Ray et al. (2006) and Jonathan et al. (2004) , the significant correlation of metals with Fe indicates the adsorption of these metals on to the oxyhydroxides with Fe. Ramanathan et al. (1999) stated that the high concentrations of Fe in mangrove sediments were the results of textural and mineralogical characteristics. It is important to note that clays and feldspars are essential species present in the sand and silt. Furthermore, the study of Jonathan et al. (2004) in the Gulf of Mannar, India explained the adsorption of these base cations and metals on the aluminophyllosilicate minerals. Firstly, because they are normally present at concentrations higher than the trace metals, they may occupy most of the surface binding sites even though they form less stable surface complexes. Secondly, it may have a significant effect on the amount of natural organics sorbed onto the solid surface (Hart, 1982) . Feldspars are the major components and dominate the composition of estuarine sediments of coastal plains (Preda and Cox, 2000) . Furthermore, cation forming elements such as Cu, Zn, etc. are more likely to be involved in oxidation and reduction reactions with each other as part of complex cycle (Kilham, 1990) . Anthropogenic enrichment for heavy metals occurs naturally in silt and clay-bearing minerals of terrestrial and marine geological deposits. The natural occurrence of heavy metals complicates the assessment of potentially contaminated estuarine sediments. The measureable concentrations of metals do not automatically indicate anthropogenic enrichment in the lagoon. Therefore, heavy metal enrichment assessment must be conducted in detail ) using sediment indexes.
Geoaccumulation Index (I geo )
I geo proposed by Muller (1979) has been applied to the set of sediment data from the present study to assess the sediment quality in Mengkabong mangrove forest (Table 6 ). I geo values can be used more effectively and more meaningfully in explaining the sediment quality (Karbassi et al., 2006) . The I geo index showed that all the heavy metals are in Class 0 and Class 1 (Table 2 ) at high and low tide. Buccolieri et al. (2006) also reports similar findings in the Gulf of Taranto, Italy. This suggests that the mangrove sediment of Mengkabong is unpolluted. The input of metals into the sediments that are located seawards tends to be low in terms of concentration of most of the elements and this could be due to the mixing of enriched particulate material with relatively clean marine sediments (Soto-Jimenez and Paez-Osuna, 2001 ). Table 6 4. Conclusions Physicochemical characteristics of the surface sediment of Mengkabong Bay were determined including: pH, salinity and electrical conductivity, granulometric fractions (clay, silt and clay), heavy metals (Fe, Cu, Zn, Pb and Al) and base cations (Na, K, Mg and Ca) at high and low tides. The studied parameters showed high values at high tide compared to low tide. The tidal process showed there is a high contribution of seawater that brings additional ions such as Na, Mg and K into the mangrove system at high tide whereas at low tide, lower contribution of seawater was observed. The tides control the water-flows that carry the sediments in the mangrove forests, wherein the water from the estuary spills over to inundate the forests at high tide and drains back to the estuary at low tide. This simple explanation of conditions at high and low tides is vastly complicated by the presence of hydroxides and oxyhydroxide coating on the particles. The Spearman correlation rank was used for the statistical characterizations of mangrove surface sediment at high and low tides. The associations between physicochemical parameters, organic matter, granulometric fractions, heavy metals (Cu, Fe, Pb, Zn and Al) and base cations (Na, K, Mg and Ca) at high and low tide indicates the important contribution of seawater to sediment chemistry. The I geo value of heavy metals showed that the Mengkabong mangrove sediments have background concentrations of Al, Cu, Fe, and Zn and are unpolluted with respect to Pb. These findings are important for future research which will explain the chemistry that lies in mangrove sediment. 
